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Abstract: The effect of Cu content on the microstructure, grain orientation and mechanical properties of Sn—xCu
(x=0—4.0 wt.%) lead-free solder was studied. Results showed that added Cu induced the formation of intermetallic
phases. Only the 7-CueSns and e-CuszSn phases were present in the f-Sn matrix. For all contents, the strongly preferred
orientation of the f-Sn phase was formed on the {001} plane. In Sn doped with 1.0 wt.% Cu, the #-CueSns phase
exhibited the preferred orientation of {0001} plane, whereas doping with 3.0 or 4.0 wt.% Cu transformed the preferred
orientation to the {010} plane. In addition, only the {0001} and {1010} planes were present in the &-CusSn phase.
The high Cu contents contributed to an increased number of low-angle boundaries, high residual strain, tensile strength
and microhardness.
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1 Introduction

Sn—Pb eutectic solder has been extensively
used in electronic industries, because of its low
melting temperature, solderability, low cost
and reasonable electrical conductivity [1,2].
Unfortunately, the toxicity of Pb raises serious
environmental and health concerns [3]. When the
Restriction of Hazardous Substances Directive, or
RoHS, became effective on the 1st July 2006, the
law forbade the use of Pb—Sn alloys and dictated a
safe substitute for Pb-containing solder [4,5].

Of the replacements, Sn-based binary alloys
are improved by doping with various elements, e.g.
Ag, Sb, Bi, Ni and Cu. However, adding these
elements alters the microstructure and other

properties. The drawback and improvement of some
of those solders were described by OSORIO
et al [6], who studied Sn—2.0Ag and Sn—3.5Ag
alloys. The microstructures of both solders were
characterized by the primary f-Sn phase with a
eutectic mixture (AgsSn and p-Sn phase). The
tensile strength increased with more AgsSn particles,
but the high Ag content reduced ductility. Sn—Sb
systems had the best microstructure, combining
both strength and ductility for the Sn—2.0Sb alloy,
due to very fine f-Sn dendrites reinforced by fine
structure of the Sn—Sb layers [7]. Added Bi in the
solder also improved tensile strength, due to
increase in the A-Sn and eutectic area in the
solder matrix [8]. HOU et al [9] studied eutectic
growth in the Sn—xNi systems (x=0.04—0.26 wt.%),
the competition between stable Sn—Ni3Sns and
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metastable Sn—NiSny eutectic growth was studied
during solidification. Sn was shown to have a good
lattice match between S-Sn and NiSn4 phase, and no
preferred orientation relationship was measured
between NisSns and f-Sn. Thus, the addition of
some elements into the pure Sn matrix promoted
the formation of the intermetallic phases and
affected the f-Sn phase and its mechanical
properties. Large f-Sn grain size has major effects
on overall solder performance and reliability,
because fine grains and multiple orientations
improved the thermomechanical properties [10].

In  Sn—Cu  systems, the  #-CusSns,
n'-CueSns, and &-CusSn phases are common
intermetallic phases in solder. ZENG et al [11]
reported that a great number of proeutectic S-Sn
dendrites formed and the #-CueSns existed mostly
among the proeutectic f-Sn phases in the Sn—xCu
with low Cu content, specifically, 0.3, 0.6, 1.3 and
1.7 wt.% Cu. However, MADENI et al [12] found
that the microstructural constituents were dendrites
of f-Sn and the eutectic interdendritic constituent
consisted of the #-CusSns phase in the Sn—0.7Cu
alloy. Slower cooling rates led to larger dendritic
microstructures. Thus, the occurrence of dendritic
formation was dependent on the eutectic formation.
VENTURA et al [13] found that Sn—Cu was a
weakly irregular eutectic system with #-CueSns,
leading the eutectic structure. In the Sn—0.5Cu alloy,
primary S-Sn dendrites were surrounded by a fine
eutectic structure. Increasing the Cu content to
0.7 wt.% leads to a more -Sn dendritic morphology.
However, increasing to 0.9 wt.% Cu, did not lead to
any more primary f-Sn dendrites and the
microstructure was made of a fine eutectic, with
n-CueSns fibres surrounded by the f-Sn matrix.

On the other hand, under an equilibrium
solidification, with slow cooling, Sn—0.7Cu alloys
showed equilibrium eutectic and Sn—1.0Cu alloys
showed hypereutectic reactions. With rapid cooling,
strong kinetic undercooling led to the eutectic point
shifting to a higher Cu content. In addition, the
formation of f-Sn dendrites and the intermetallic
phase was controlled by mismatched crystalline
orientation relationships [14]. In Sn—2.0Cu and
Sn—4.0Cu hypereutectic alloys, #-CusSns was
surrounded by a eutectic f-Sn and #-CueSns mixture,
and adding Cu increased the number of #-CusSns
grains [15]. MCDONALD et al [16] reported that
cooling Sn—4.0Cu solder was associated with two

reactions. The first involved the nucleation and
growth of primary #-CusSns, and the second was
related to the solidification of the remaining liquid
as a eutectic mixture of #-CusSns and f-Sn. Various
reactions leading to formation of #-CusSns and f-Sn
phases have already been reported, but we could not
find any reports on the formation of the e-Cu3Sn
phase in Sn—xCu solders, where x was 3—4 wt.%.

The formation mechanism of #-CueSns and
&CusSn phases in the Sn—Cu solders during
solidification has not been fully understood,
especially for the intermetallic phase formation and
for the mismatched crystalline orientation
relationships. Moreover, little research about the
effects of adding Cu on the crystal orientation has
been found. Similarly, intermetallic formation
effects of orientation on the mechanical properties
of Sn-based solders have been little studied with
inconclusive results [12—16]. Here, we studied the
influence of different Cu contents on the
microstructure and the crystallographic orientation
of the Sn—xCu solders (x=0—4.0 wt.%). The pole
figures (PF), misorientation angles (MOS), grain
orientation spread (GOS) and kernel average
misorientation (KAM), and the resulting
mechanical properties were measured.

2 Experimental

Sn—xCu lead-free solders were formed, where
x was 0 (pure Sn), 1.0, 3.0 and 4.0 wt.%. The
chemical composition and impurities of solder
alloys are illustrated in Table 1. The liquidus and
solidus temperatures of pure Sn and Sn—xCu solders,
manufactured by KoKi Products Co., Ltd., are
shown in Table 2. Samples were melted in an
electric arc furnace. The solder bar with a mass of
300 g was melted in a stainless steel crucible at
370 °C. The molten solder was then poured into a
permanent mold and naturally cooled down to room
temperature. The temperature profile of sample
castings is shown in Fig. 1. The melting and
solidification temperatures of solder were measured
using the DX1000N Yokogawa data logger, with a
type K thermocouple.

Before examining the microstructure, the
specimens were taken in the middle of the mold.
The specimens were polished, using a series of SiC
grit papers, 800, 1000" and 15007, followed by
Al,O3; with size of 0.3 um. Finally, the polished



1228

Table 1 Chemical composition and impurity of solder alloys
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Main

Impurity/wt.%

Solder composition/wt.% purtiymv. 7o
alloy . .

Sn Cu Pb Cd Ni Sb Ag Bi In Au As Fe Al Zn Ge
Sn— 0.050+
LoC Bal.  0.70+0.200  <0.050 <0.002 0 <0.100 <0.100 <0.100 <0.100 <0.050 <0.030 <0.001 <0.001 <0.001 <0.001
.0Cu
Sn—
300 Bal.  3.0+£0.500 <0.050 <0.002 <0.010 <0.100 <0.010 <0.100 <0.100 <0.050 <0.030 <0.020 <0.001 <0.001 -
.0Cu
Sn—
40C Bal.  3.500-4.500 <0.050 <0.002 - <0.100 <0.010 <0.100 <0.100 <0.050 <0.030 <0.020 <0.001 <0.001 -
.0Cu

Table 2 Liquidus and solidus temperatures of pure Sn
and Sn—xCu solders

Solidus Liquidus
Solder
temperature/°C temperature/°C

Pure Sn 232 232
Sn—1.0Cu 230 240
Sn—3.0Cu 227 309
Sn—4.0Cu 227 350

400

g 370°C
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Fig. 1 Temperature profile of sample castings

specimens were ion milled using a Hitachi IM4000
Plus Ar ion milling system. An Olympus BX60M
optical microscope was used to examine the
microstructure at high magnitudes and a Jeol
JSM—-5800LV scanning electron microscope (SEM)
was used to verify the microstructure. The chemical
composition of the microstructure was determined
using the Oxford Instruments X-Max energy
dispersive spectroscope (EDS). In addition, the
lattice structure of the phases was analyzed using
the Bruker DB8-Discover X-ray diffractometer
(XRD).

The crystal and grain orientations were
determined by the electron backscatter diffraction
(EBSD) using a Hitachi SU8230 field emission
scanning electron microscope (FE-SEM) equipped
with an Oxford EBSD detector.

To inspect the mechanical properties, a Zwick,
7020 universal testing machine was used to
measure the tensile strength and elongation of the
specimens at room temperature, following the
ASTM E8M standard. Hardness was measured
using a Wilson Tukon 1102 Vickers indenter with a
load of 0.2 N and a loading time of 15 s.

3 Results and discussion

3.1 Microstructure and phase formation

FE-SEM images of the solders are shown in
Fig. 2. It can be seen that f-Sn and intermetallic
phases formed in the solder matrix. In Fig. 2(a), the
microstructure of the pure Sn had only a large f-Sn
phase. Addition of 1.0 wt.% Cu to the pure Sn led
to the A-Sn phase and a smaller intermetallic
phase/f-Sn eutectic area, as shown in Fig. 2(b). The
[-Sn phase was nevertheless still dendritic. The
coarse dendrites implied that the mixture was
cooled well below the solidification point, i.e.,
reduced undercooling, but the very fine dendrites in
the solder matrix were consistent with rapid growth
to well below the solidification point, e.g. high
undercooling [17]. In addition, the intermetallic
phases consisted of #-CueSns and &-CuszSn
precipitation surrounding the S-Sn dendrites. The
small &-CusSn phase was encapsulated by the
n-CueSns phase, and smaller fiber-like structures of
n-CusSns and e-CuzSn were formed in the eutectic
area. Due to the fast cooling rate, short
solidification time and low Cu content, Cu diffusion

in Sn was minimal, resulting in a smaller
intermetallic phases.

In the binary Sn—Cu system, three
intermetallic phases (#-CueSns, #-CusSns and

e-CusSn) formed and grew in f-Sn matrix. Phase
equilibrium at the Sn-rich phase corner is more
important eutectic reaction as [18].

L—1n-CueSns+f-Sn (D
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Fig. 2 FE-SEM images of samples: (a) Pure Sn; (b) Sn—1.0Cu; (¢) Sn—3.0Cu; (d) Sn—4.0Cu

Previous works [12,14] showed that the
dendrites of f-Sn and #-CusSns only were formed in
Sn—0.7Cu and Sn—1.0Cu solders. This was due to
an equilibrium solidification process. Moreover, the
equilibrium solidification paths are represented by
Eq. (1). In this work, no #"-CusSns was found in the
cast specimens, because the #-CusSns did not have
enough time to transform to #'-CueSns [19].

Therefore, the non-equilibrium solidification
of the Sn—1.0Cu hypereutectic alloy exhibited a
large number of #-CusSns lamellar structures,
according to Eq. (2). Strong kinetic undercooling,
arising from the rapid solidification condition, led
to the eutectic point shifting in the direction of the
high Cu content. Hence, all alloys experienced a
metastable pseudoeutectic solidification as [14]

{L — L+ primary 7 - Cu,Sny crystal @)

L —n-CuiSny+ f-Sn

where L is the liquid phase.

Thus, it was more feasible for #-CueSns
precipitates first, followed by the
precipitation of ¢-CusSn, after a period of
incubation. At the higher temperature, Sn diffused
by a vacancy-diffusion mechanism to combine with
Cu and form the ¢-CusSn phase [20]. Thus, it was
also possible, that e-CuzSn appeared based on the
peritectic reaction formulated as

L+S1—>S,

to occur

A3)

A
W

@ % Lot i A
Nfo o S e T NI e et LS A

where S is the solid phase of e-Cu3Sn, and S, is the
solid phase of #-CusSns.

The liquid (L) plus solid phase of e-CuszSn (S)
transforms into #-CueSns (S2) under
equilibrium cooling conditions. The reason that the
peritectic reaction more easily occurs in regions,
closer to the cooled surface of the casting, once
such regions are Cu-enriched, is due to the inverse
segregation [21]. Additionally, in the Sn—Cu system,
the peritectic product is an intermetallic phase or
has a very narrow homogeneity range [22]. Thus,
the microstructure of the solder contained very
small amounts of &-CusSn phase, encapsulated by
the peritectic reaction, and our results were similar
to those reported by MEHREEN et al [23], where
the &-CusSn phase was encapsulated by the
peritectic #-CueSns phase, which was, in turn,
surrounded by a eutectic mixture of f-Sn and
ﬂ-CU@SIls.

In Fig. 2(c), large rod- and fiber-like structures
of intermetallic phases formed when adding
3.0 wt.% Cu to form Sn—3.0Cu. However, as the Cu
content increased with the volume fraction of the

non-

n-CueSns phase, subsequent intermetallic growth
noticeably destroyed the dendritic structures.
Similarly, adding 4.0 wt.% Cu led to no detectable
[-Sn dendrites, due to the higher Cu content, which
promoted the intermetallic phase formation and
prevented growth of f-Sn dendrites.
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The microstructures of 4.0 wt.% Cu are shown
in Fig. 2(d). It can be seen that both the #-CusSns
and &-Cu3Sn became larger and the volume fraction
increased. The solidification time of Sn—4.0Cu was
longer than that of Sn, Sn—1.0Cu, and Sn—3.0Cu
solders, leading to higher atomic diffusion. Thus,
intermetallic phase formation and growth happened
more easily with an increase of Cu element and
longer solid cooling time. The elemental
compositions of the pure Sn, S-Sn, #-CusSns, and
&-Cu3Sn were determined by EDS. The Cu contents
of the #-CueSns phase ranged from 50.86 to
52.88 at.%, in the &-Cus3Sn region, the Cu content
was from 73.07 to 76.11 at% Cu with the
remainder being Sn. The XRD diffraction pattern of
Sn—4.0Cu is displayed in Fig.3. The lattice
structure and parameters and intermetallic phases
from XRD are shown in Table 3. In addition, the
[-Sn phase had a body centered tetragonal structure
and the Cu phase was a-Cu, with a face-centered
cubic structure. Both #-CueSns and e-CuzSn phases
had a hexagonal structure.

M “H ’H‘IHI[ ‘Hl i i '\l”‘u‘ ".“"‘ i
25 30 35 40 45 50 55 60 65 70 75 80

20/(°)
Fig. 3 XRD pattern of Sn—4.0Cu solder

Table 3 XRD analysis of f-Sn, a-Cu and intermetallic
phases

Lattice
parameter/nm

Pearson
symbol

Space
group

Phase Structure

S-Sn BCT 4 14lamd a=b=0.58340,

(141) ¢=0.31505
a-Cu  FCC  cF4 ’?’2”;5’;“ a=b=c=0.36505
e-CusSn Hexagonal  — Gamma aiizoéé’gzo’

3.2 Crystallographic orientation and texture

Figure 4 shows the phases and grain
boundaries of the samples, obtained from EBSD
phase mapping, where the red region represents
[-Sn, and yellow and blue regions represent
n-CusSns and e-CuzSn phases, i.e. the fraction of
[-Sn phase for the pure Sn was 99.80% and the
remainder was not detected by EBSD, within the
white region, due to defects during specimen
preparation. The fractions of phases of all samples
are shown in Table 4. In fact, the phase fraction of
intermetallic phases (#-CueSns and &-CuszSn) and
[-Sn phases of the samples increased with Cu
content. Therefore, introducing a small Cu content
(1.0 and 3.0 wt.%) into the pure Sn, resulted in a
small phase fraction of e-CusSn phase.

Figure 4 illustrates the grain boundary maps of
specimens with different Cu contents. The low-
angle boundaries (LAGBs), with misorientation
angles <15°, are shown as black lines and the high
angle boundaries (HAGBs) with disorientation
angles >15°. In this study, the HAGBs are divided
into two groups: misorientation angles of 15°-50°
shown as blue lines and misorientation angles
greater than 50° shown as purple lines. A majority
of the boundaries were identified as HAGB, for the
pure Sn, Sn—1.0Cu and Sn—3.0Cu. In contrast, the
Sn—4.0Cu solder had more LAGB, due to numerous
fine #-CusSns phases, embedded into the individual
S-Sn, which distorted the lattice more severely in
the as-cast microstructure [24].

The preferred orientation of the 5-Sn, 77-CueSns
and &CusSn phases is shown in Figs. 5, 6 and 7.
The crystallographic texture (i.e. grain orientation)
of the different Cu contents, in terms of multiples of
uniform distribution (MUD), was derived from the
pole figure. A larger degree of preferred orientation
was shown by the higher MUD (red) regions. The
pole figure of the 5-Sn phase, of all solders in Fig. 5,
showed that strong {001} plane of the 5-Sn phase
was the preferred orientation. The texture strength
of f-Sn on the {001} plane was consistent with that
reported by XIAN et al [25] and BIELER and
TELANG [26]. To prove the 5-Sn phase having the
preferred orientation in {001} plane, the inverse
pole figures are shown in Fig. 8. Moreover, the
planes were mismatched, due to the thermal
expansion, strain and the deformation leading to a
change in preferred orientation of the plane
family [26,27]. Our results revealed that added Cu
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Fig. 4 Phases and grain boundaries of samples: (a, b) Pure Sn; (c, d) Sn—1.0Cu; (e, f) Sn—3.0Cu; (g, h) Sn—4.0Cu

Table 4 Phase fraction of all samples (%)

Solder F-Sn &-CusSn 7-CueSns 3:;22;3;

Pure Sn  99.80 - - Balance
Sn—1.0Cu  99.20 0.00101 0.08970  Balance
Sn—3.0Cu  99.10 0.00279 0.01390  Balance
Sn—4.0Cu  87.60 4.06000 5.59000  Balance

did not change the dominant plane of the S-Sn
phase.

In Fig. 6, after adding 1.0 wt.% Cu, the
n-CusSns could be formed into the {0001} or
{1010} planes, but it easily grew into the {0001}
plane, because it contained #-CusSns, surrounded by
[-Sn. The intermetallic phase of #-CusSns, appeared
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Y
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(b)

{100}

(d)

{100}
Fig. 5 Pole figures of f-Sn phase: (a) Pure Sn; (b) Sn—1.0Cu; (c) Sn—3.0Cu; (d) Sn—4.0Cu

as a fibrous and more random texture, which was
consistent with the reports by XIAN et al [25]. Due
to the #-CusSns growth, the {1010} plane was
sometimes found after cooling [28], due to the short
solidification time and a low Cu content in the
molten solder [28,29].

For the 3.0 and 4.0 wt.% Cu, the #-Cu¢Sns
exhibited the preferred {0001} orientation transfer
to the {010} plane. The transformation of
orientation, due to the #-CueSns grain growth and
the 7-CusSns ‘scallops’ can be tilted easily, because
they are surrounded by liquid solder [30]. Thus, the
intermetallic growth led to residual strain and

{001}

{001}

{001}

Y MUD
133.75

(111}

Y MUD
20.66

Y MUD
A 49.27

{111} 0.00
v MUD
16.37

X

{111}

X

X X

(111} 0.00

change of preferred orientation plane. The preferred
orientation in our work was also observed by LIU
and JI [24] in Sn—0.5Cu solder. In addition, the
e-CusSn for all solders had a preferred orientation
of {0001} plane as shown in Fig. 7. Furthermore,
the orientation distribution of intermetallic phases
(7-CueSns and &CusSn) became less uniform with
increased Cu content: the higher Cu content
improved intermetallic phase formation and
affected the green regions of the pole figures, where
spread of the less uniform distribution was found
for all planes, leading to the subsequent reduced
MUD value, which equated to a lower degree of



Kannachai KANLAYASIRI, Niwat MOOKAM/Trans. Nonferrous Met. Soc. China 32(2022) 1226—1241

Y
(a) ‘X

{0001}

(©

(100}

MUD
23.81

{1010}

MUD
22.53

Fig. 6 Pole figures of #-CusSns phase: (a) Sn—1.0Cu; (b) Sn—3.0Cu; (¢) Sn—4.0Cu
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Fig. 7 Pole figures of &-CusSn phase: (a) Sn—1.0Cu;

(b) Sn—3.0Cu; (¢) Sn—4.0Cu
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preferred orientation or texture of microstructures.
The formation of an intermetallic phase in a

solder matrix and the orientation relationship
between f-Sn and the intermetallic phase formed
during the solder cooling stage [31]. The orientation
of the intermetallic phases also appears to be
random over different f-Sn grain orientations. The
nucleation orientation relationship and growth
texture of f-Sn, #7-CueSns and e&-CusSn are

consistent with the preferred growth planes.
Sn—1.0Cu solder:
{000 1},7_CuéSnS /1{001} 5 5,5
{0001} /1{0001} £-CusSn

17-CugSng
Sn—3.0Cu solder:

{O 1 0}77—Cu6Sn5 1 {00 l}ﬁ—Sn >
{010} /1000 l}g_Cu35n

17-CugSny

Sn—4.0Cu solder:
{0 1 0} 5 1 {OO 1}g-Cu3Sn ’

{010}, ¢ 0. // {0001}, s,

77-CugSn

“4)

)

(6)
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Fig. 8 Inverse pole figures of f-Sn phase: (a) Pure Sn; (b) Sn

However, two types of #7-CusSns crystals in 3.0
and 4.0 wt.% Cu had almost hexagonal rods and
fibers in the morphology, with {0001}CusSns
showing long fibers, nearly parallel to the sample
surface, and #-CueSns ‘rods’ perpendicular to the
main {001}Sn plane. The orientation relations
between #-CueSns face morphology and f-Sn are

{1 T00}7]—Cu6$n5 // {00 1}ﬁ—Sn (7)
{0001}, cy 50, 14001} 45 g, )

Moreover, the -Sn grains were larger than the
intermetallic grains, indicating that the intermetallic
phase grew on the f-Sn grains. The grains of the
intermetallic Sn—xCu alloy phases are seen in Fig. 4.
In addition, the orientation of the intermetallic
phase was random over different S-Sn grain
orientations, as illustrated in Fig. 9, i.e., there was
no preferred orientation between #-CueSns faces and
the f-Sn matrix. SIDHU et al [32] also observed
that the AgzSn phase was randomly dispersed in the
F-Sn matrix and showed no preferred orientation to
the Agi;Sn phase and the f-Sn matrix. However,
n-CueSns grains were larger (average diameter
9.073 um) than the &-Cu3Sn grains (8.979 pum),
which was consistent with the results reported by
SHANG et al [31], and &-Cu3Sn grains can grow by
consuming neighboring #-CusSns: the crystal
structures also differed. Clearly, the coarsening of

—1.0Cu; (¢) Sn—3.0Cu; (d) Sn—4.0Cu

§7' 2 3 ,. 7 7 ,
? ; 5 g T2 010
P .‘% P25, (]

&-CusSn grains on the #-Cue¢Sns phase was
influenced by the orientation-preferred surrounding
neighbors and caused the different crystal structures.
A preference for similar crystal structures, with
minimal lattice mismatch, drove the e-Cu3Sn phase
to grow by consuming the neighboring #-CueSns
phase [31]. The strong orientation relationship
between 7-CueSns and &-CuszSn suggested that, at
the nucleation stage, #-CusSns formed prior to the
&CusSn [30].

The growth rate of #-CueSns crystal faces in
the longitudinal direction was larger than that in the
transversal direction, due to the surface density of
the plane, i.e., the surface density of the {1010}
plane (9.472nm™?) is higher than that of the
{0001} plane (6.571 nm?): crystals tend to grow
parallel to the net plane, with the largest surface
density [33]. On the other hand, the anisotropic
growth of intermetallic crystals tended to grow
anisotropically in the longitudinal direction, i.e.,
n-CueSns crystals grew along the [0001] axis.
Additionally, grains with greater angle differences
caused large lateral dimensions [34]. Therefore,
with the higher Cu content, poorly oriented grains
tended to be larger,
intermetallic phases.

The p-Sn grain orientations were randomly
distributed as shown in Fig. 10. For the pure Sn,

causing growth of the
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Fig. 9 Microstructure orientati
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Fig. 10 Mean orientation spread and distribution orientation deviations for f-Sn

the poor orientations of grain boundaries were
mostly found in the range of 0°-7.05°, whereas, in
1.0-3.0 wt.% Cu, a slightly increased density of
LAGBs and poor orientations were found in the
range of 0°-14°. However, adding 4.0 wt.% Cu to
Sn led to a higher density of LAGBs in our study. In
addition, the poorly oriented grain boundaries were
found mostly in the range of 0°-20.5°. However, all
samples showed a misorientation peak at 0.5°—1.5°.
The density of small grains, with LAGB
microstructures, increased as the Cu content
increased. With the higher Cu content, under
solidification, there was a significant influence on
the configuration of #-Sn grains. Most f-Sn grains
had LAGBs structures, with high dislocation
densities and strains [35,36].

However, adding 1.0—3.0 wt.% Cu to Sn led to
no misorientations of #-CusSns and e&-CusSn,
because of small intermetallic phase formation.
Figure 11 illustrates the misorientation angles of the
n-CueSns and &-CuzSn phases with higher Cu
content. The #-Cue¢Sns phase exhibited few
misorientations, and the high misorientations of the
&-Cu3Sn phase indicated the development of a large
&-Cu3Sn phase.

The grain orientation spread is shown in
false color maps in Fig. 12. Different colors
represent different orientation spreads or in-grain
misorientations, as the grains deformed or
recrystallized. The low orientation spreads represent
large grain formation (overgrown grains) and the
high orientation spreads represent relatively fine
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grains [37]. LIU and JI [24] reported that
spread <1.5° represented recrystallized grains,
whereas non-recrystallized grains had spread >1.5°.
Moreover, the sub-grain formation interior had
non-recrystallized grain with LAGBs ~2°—15° [24].
LAGBs developing near grain boundaries helped to
form sub-boundaries [38].

For the pure Sn, the main stream of the grain
area appeared in red, representing a lower
spread. Other grains, with an overall low spread

<1.0°, implied that grains recrystallized. This
suggested that the addition of Cu to the pure Sn
affected the deformed grains of the solder. In the
1.0-3.0 wt.% Cu range, the sub-grains were
retarded by small intermetallic particles after
deformation, leading to an increase in
misorientation angles of the grain boundary and
GOS values, due to the dislocations extensively
trapped in boundaries [24]. With a higher Cu
content, more sub-grain developed due to dense
intermetallic particles, which were widely spaced in
the Sn grain interiors. This lead to an impedance in
the growth of the nuclei and subsequently inhibited
the occurrence of grain growth. The &CusSn
exhibited better GOS values and distribution than
the #-CusSns, as shown in Fig. 13.

Thus, more angled boundaries and GOS values
lead to the subsequent increase in sub-grains. This
implied that the atoms readily diffused across the
fine-grained structure. This further suggested that
Cu facilitated the formation of different special
boundaries with different boundary energies [39].

The kernel average misorientation (KAM)
displays the local strain distribution in each grain.
The distribution of the grain boundary vs Cu
content is shown in Fig. 14. Green regions show

s

Fig. 12 GOS analysis of p-Sn: (a) Pure Sn; (b) Sn—1.0Cu; (c) Sn—3.0Cu; (d) Sn—4.0Cu
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higher KAM values. The pure Sn showed residual
strain, due to low-energy boundaries with deformed
grains [40]. After adding Cu, the stored strain
increased with Cu content. The increased number of
the low-angle boundaries indicated that the
dislocation density increased as the deformation
continued [36].

3.3 Mechanical properties and fracture behavior

The relationship between tensile stress and
strain is illustrated in Fig. 15. The relationship
between tensile strength and elongation for all

samples is shown in Fig. 16. The Sn—xCu solders
exhibited significantly better tensile strengths than
the pure Sn. However, the elongation decreased as
Cu content increased. This was attributed to the
intermetallic phases (7-CusSns and &Cu3Sn) in the
solder matrix acting as the reinforced phase of the
solder alloy, but elongation deteriorated because of
the inherited brittleness. Figure 17 shows the
surface fractures for different Cu contents. The
specimens showed ductile fracture with low Cu
contents and the brittle fracture with high Cu
contents. In particular, the Sn—4.0Cu solder fracture
surface shows a flat smooth fracture surface,
indicating brittle fracture. The fractured surface and
dimples confirmed that dimple size increased with
high Cu contents. However, the fracture occurred in
the intermetallic phase and then extended into the
adjacent solder matrix [41]. Thus, the ductility and
brittleness was associated with the various slip
systems encountered in crystalline structures. The
solder matrix had more S-Sn phase with body
centred tetragonal structures compared to the large
intermetallic phases with hexagonal close packed
structures, which exhibited transition fractures from
ductile to brittle, due to the slip system in solder. Sn
can access up to ten different slip systems, whereas
hexagonal close packed structures show only six
slip systems [24,42,43]. More slip systems offer a

Fig. 14 KAM mapping of samples: (a) Pure Sn; (b) Sn—1.0Cu; (¢) Sn—3.0Cu; (d) Sn—4.0Cu
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greater potential for dislocation and ductile fracture.
In addition, a large strain fracture occurred at the
grain boundary, and ductile fracture was
predominantly transgranular, i.e. through the grain.
In conjunction, the high Cu content resulted in the
high microhardness, as shown in Fig. 18. High
microhardness in the intermetallic phases can also
increase the tensile strength and microhardness of
the solder because the intermetallic phases were
intrinsically hard [44]. Reported hardnesses were,
10 KHN for Sn, 389 KHN for #-CueSns, and
573 KHN for &CusSn [45]. Thus, the volume
fraction of the f-Sn represented a ductility phase
reduction, but the intermetallic phase with a higher
hardness area increased, leading to a more brittle
structure.

In summary, by adding appropriate amount of
Cu to Sn-based solder, the properties of solders, i.e.
the microstructure, the orientation, and the
mechanical properties of the material can be
adjusted.

25

20

15¢

2

H

10+

Microhardness (HV)

Sn Sn—1.0Cu Sn—-3.0Cu Sn—4.0Cu
Solder

Fig. 18 Effect of Cu addition to pure Sn on microhardness
4 Conclusions

(1) With 1.0 wt.% Cu added, the f-Sn dendritic
and intermetallic phases or f-Sn eutectic areas were
detected in the solder microstructure, and the
intermetallic phases consisted of #-CueSns and
e-CusSn precipitation, surrounding the f-Sn
dendrites.

(2) No f-Sn dendrites were found, when there
were 3.0 and 4.0 wt.% Cu, and #-CusSns and
&-Cu3Sn regions became larger in f-Sn matrix area.

(3) The intermetallic phases formed were
n-CueSns and &-CuzSn. Both the #-CusSns and
e-CusSn intermetallic phases, with a hexagonal

crystal  structure, were detected in the
microstructure of the Sn—xCu solders. The S-Sn
phases with body centred tetragonal structures were
present.

(4) The phase fraction of f-Sn and grain size
decreased with increased Cu content.

(5) The preferred orientation of the $-Sn in all
solders was the {001} plane. With the addition of
1.0 wt.% Cu, the #-CusSns phase showed primarily
{0001} plane. At 3.0 or 4.0 wt.% Cu, the #-CusSns
had a preferred {010} orientation. In addition, the
&-CuzSn phase only showed {0001} plane.

(6) High content of Cu in solder supported the
growth of total intermetallic phases and low-angle
grain boundaries (LAGB), strong preferred
orientation, and residual strain, leading to improved
tensile strength and microhardness.
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